Background: Intervertebral disc degeneration (IDD) is a major contributor to lower back pain, however, the molecular and pathogenetic mechanisms underlying IDD are poorly understood. As a high-risk factor for IDD, compression stress was reported to induce apoptosis of nucleus pulposus (NP) cells and extracellular matrix (ECM) degradation during IDD progression. Circular RNA (circRNA) is a class of endogenous non-coding RNA (ncRNA) and has been reported to function in several diseases. However, whether and how circRNA regulates compression-induced damage of NP cells remains vague. Here, we aimed to investigate the key role of circRNA in compression loading-induced IDD. Methods: We analysed the circRNA expression of three samples from compression-treated NP cells and three control samples using circRNA microarray assays and further investigated the circRNA involved in compression-induced damage of NP cells (circRNA-CIDN). We investigated the effects of circRNA-CIDN on compression-induced cell apoptosis and NP ECM degradation in vitro and ex vivo. We observed that circRNA-CIDN bound to miRNAs as a miRNA sponge based on luciferase and RNA immunoprecipitation (RIP) assays. Findings:: CircRNA-CIDN was significantly downregulated in compression-treated human NP cells, as validated by circRNA microarray and qRT-PCR analysis, and overexpressing circRNA-CIDN inhibited compression-induced apoptosis and NP ECM degradation. Further studies demonstrated that circRNA-CIDN served as a sponge for miR-34a-5p, an important miRNA that enhanced compression-induced damage of NP cells via repressing the silent mating type information regulation 2 homolog 1 (SIRT1). CircRNA-CIDN was also verified to contain IDD development in an ex vivo IDD model. Interpretation: Our results revealed that circRNA-CIDN binding to miR-34a-5p played an important role in mitigating compression loading-induced nucleus pulposus cell damage via targeting SIRT1, providing a potential therapeutic strategy for IDD treatment.
Introduction
Lower back pain (LBP) is one of the most common chronic pain conditions, and over 80% of adults will suffer from LBP at a certain age, and this has caused an enormous socio-economic burden worldwide [1] . Intervertebral disc (IVD) degeneration (IDD) has been regarded as the primary underlying cause of LBP [2] . However, apart from limited treatments such as surgery, pharmacological, and nonpharmacological approaches to relieve pain, there are currently no effective and constructive therapeutic strategies for treating IDD, since its pathogenesis has not been explicitly expounded yet [3] . Therefore, it will be of great significance to reveal the molecular and pathogenetic mechanisms underlying IDD.
The intervertebral disc is the biggest avascular organ in the body and consists of a central gelatinous nucleus pulposus (NP) and a surrounding annulus fibrosus (AF) [4] . The NP cells are the main resident cells in the highly hydrated NP tissue and are responsible for controlling NP extracellular matrix (ECM) synthesis and decomposition, maintaining the normal structural and functional properties of the IVD [5] . When the NP ECM catabolism exceeds anabolism within IVD, aggrecan and collagen II are degraded, resulting in NP dehydration and resorption, decrease of disc height, and decline of ability to resist mechanical stress and this is one of the major pathological characteristics of degenerative disc diseases [6, 7] . Matrix-degrading matrix metalloproteinases (MMP) such as MMP-3 and MMP-13 are important ECM-degrading enzymes during this process [8] . Another pathological feature of IDD is abnormally elevated NP cell apoptosis levels, which is accompanied by cleaved caspase-3 and Bax expression upregulation and Bcl-2 protein down-regulation [6] .
As a load absorbing and buffering unit of the spine, the IVD is subjected to various degrees of mechanical stress in daily life. The pressure of the IVD has been measured to range from 0.1 MPa when lying face down to 2.3 MPa when lifting a 20 kg weight with a rounded and flexed back [9, 10] . Also, the pressure of human L4ÀL5 IVD was measured as 0.5 MPa when standing relaxed and 1.1 MPa when standing flexed forward, as reported by Wilke et al. [11] . Studies revealed that spinal mechanical stress could increase the risk of IDD among general population [12] . Mechanical loading was thought to be primarily responsible for remodeling the intervertebral disc, which may result in disc injury over time [13, 14] . Furthermore, our previous research, among others in literature, suggested that excessive loading induced apoptosis of NP cells and ECM degradation, by which it was deeply involved in IDD progression [14À16] .
While a variety of factors have been shown to be involved in the pathophysiological mechanisms of IDD, genetics is thought to be one of the most critical contributors, and non-coding RNAs (ncRNAs) have been increasingly reported to play a key role during the process of IDD [17, 18] . MicroRNAs (miRNAs) are small, highly conserved endogenous ncRNAs, and most of them regulate gene expression post-transcriptionally in mammals by guiding the RNA-induced silence complex (RISC) to the 3-untranslated region (3-UTR) of mRNA targets [19] . Previous studies, including ours, have found that miR-34a-5p was obviously upregulated in NP tissues from IDD patients and it showed an ability to induce NP ECM degradation and cell apoptosis [17, 20] . We also found that miR-34a-5p levels were dramatically upregulated in human NP cells under compression treatment in this study. Circular RNAs (circRNAs) are another class of endogenous ncRNAs that are rich in miRNA binding sites that act as competing endogenous RNAs (ceRNAs) and miRNA sponges, and thus regulate the target mRNAs translation and stability [21, 22] . For instance, circ-SERPINE2 was reported to protect against osteoarthritis progression by functioning as a sponge for miR-1271, modulating the expression of E26 transformation-specific-related gene [23] . CircVMA21 was found to alleviate inflammatory cytokines-induced disc damage through miRNA-200c-XIAP pathway, as reported by Cheng et al. [24] . However, current knowledge about the biological roles of circRNAs regarding IVD integrity remains limited and vague. To the best of our knowledge, there is no research investigating whether circRNAs could modulate cell apoptosis and ECM degradation through interacting with miRNAs in human NP cells under mechanical stress.
In this study, we performed a circRNA microarray analysis in human NP cells without and with compression treatment and found that the circRNA involved in compression-induced damage of NP cells (circRNA-CIDN), which possessed a complementary sequence to miR-34a-5p seed region, was dramatically down-regulated under compression stress. Over-expression of circRNA-CIDN suppressed the apoptosis of NP cells and ECM degradation. Mechanistically, circRNA-CIDN bound to miR-34a-5p as a miRNA sponge to up-regulate the expression of silent mating type information regulation 2 homolog 1 (SIRT1). Furthermore, we adopted an ex vivo IVD organ culture model to reveal the role of circRNA-CIDN in mitigating compression-induced intervertebral disc degeneration. Our research demonstrated that circRNA-CIDN could be a promising therapeutic target for IDD.
Materials and methods

NP tissues collection
The control intervertebral disc tissues were collected from fifteen patients undergoing spinal surgery due to idiopathic scoliosis (IS). The degenerative intervertebral disc tissues were collected from thirty patients who underwent discectomy surgery for IDD. Detailed information for each patient was listed in Supplementary Table S1 . The experimental protocols were approved by the Ethics Committee of Tongji Medical College, Huazhong University of Science and Technology, and informed consent was obtained from each donor.
NP cells isolation and culture
The NP tissue samples were separated and the NP cells were isolated as described in previous work [25] . Briefly, NP tissues were cut into approximate 1 mm 3 segments and digested enzymatically using 0.25% trypsin (Gibco, Life Technologies, Paisley, UK) for 0.5 h followed by 0.2% type II collagenase (Invitrogen, Carlsbad, CA, USA) for 3 h at 37°C. After being filtered and washed using PBS, the suspension was centrifuged and the cells were cultured in Dulbecco's Modified Eagle's Medium with F12 nutrient mixture (Gibco, Grand Island, NY, USA), 15% foetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA), and 1% penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA) at 37°C in 5% CO 2 . When confluent, NP cells were digested by trypsinization and passaged for expansion, and cells from passage 2 were used in the subsequent experiments.
Research in context
Evidence before this study Lower back pain (LBP) is one of the most common chronic pain conditions which has caused an enormous socio-economic burden worldwide. Intervertebral disc degeneration (IDD) is regarded as the leading cause of lower back pain. Previous research has found that compression stress was a high-risk factor for IDD and it could induce apoptosis of nucleus pulposus (NP) cells and extracellular matrix (ECM) degradation to accelerate IDD. Accumulating evidence demonstrated that a new class of endogenous non-coding RNA named circular RNA (circRNA) played important roles in several diseases recently. However, there are no researches investigating whether and how circRNA regulates compression-induced damage of NP cells during IDD.
Added value of this study
Using circRNA microarray assays and further analysis, circRNA-CIDN was characterized and it was significantly downregulated in compression-treated human NP cells compared to that in the normal samples. Overexpressing circRNA-CIDN inhibited compression-induced cell apoptosis and NP ECM degradation. Further studies demonstrated that circRNA-CIDN served as a sponge for miR-34a-5p, an important miRNA that enhanced compression-induced damage of NP cells via repressing SIRT1. We also verified that circRNA-CIDN was able to contain IDD development in an ex vivo IDD model. Here, we provided the first evidence for the effects of circRNA on compression loading-induced damage in human NP cells during IDD progression.
Implications of all the available evidence
This study revealed that circRNA-CIDN binding to miR-34a-5p played an important role in mitigating compression loadinginduced nucleus pulposus cell damage via targeting SIRT1. The circRNA-CIDN/miR-34a-5p/SIRT1 axis provides a potential therapeutic strategy for the clinical treatment of IDD.
IVD organ model culture
The coccygeal discs (Co6/7, Co7/8) were harvested from male Sprague-Dawley rats (3 months old) provided by the Laboratory Animal Centre of Huazhong University of Science and Technology. Briefly, a total of twelve Sprague-Dawley rats with 24 total enrolled discs were euthanized using carbon dioxide, then their spinal columns were harvested en bloc under aseptic conditions. The soft tissues were removed and the enrolled coccygeal discs (Co6/7, Co7/8) were meticulously excised with intact endplates and the discs were flushed twice using PBS containing 1% penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA). The study protocol was approved by the Animal Experimentation Committee of Huazhong University of Science and Technology. Entire discs with vertebral endplates were cultured in Dulbecco's Modified Eagle's Medium with F12 nutrient mixture, 15% FBS, and 1% penicillin/streptomycin. The culture medium was supplemented with 1.5% of a 0.4 M KCl and 5 M NaCl solution to keep the osmolarity at 400 mOsm/kg approximating physiological condition. The discs were incubated at 37°C in 5% CO 2 . The medium was replaced twice a week.
Compression treatment
The human NP cells or ex vivo IVD organs were cultured in the compression apparatus with a stainless steel pressure vessel as described in our previous work [15] . The compression apparatus was used to deliver 1.0 MPa static compression. The pressure vessel was pumped into mixed 0.5% CO 2 and 99.5% compressed air, and the cells or IVD organs were placed on six-well culture plates under humidified atmosphere at 37°C. Unless otherwise specified in figures, the cells were under static compression for 36 h and the IVD organs were under compression treatment for 4 weeks.
RNA extraction, RT-PCR and qRT-PCR analysis
Total RNA was extracted from NP cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and obtained from enrolled tissue samples using TRIspin method in which the RNeasy column (Qiagen, Valencia, CA, USA) was used in the column purification steps as described previously [26] . RNA was reverse-transcribed using a Transcriptor First Strand cDNA Synthesis Kit (TAKARA Biotechnology, Otsu, Japan). The AmpliTaq DNA Polymerase (Life Technologies) was used for PCR. The cDNA and gDNA PCR products were run on 2% agarose gel electrophoresis. For cytoplasmic and nuclear RNA extracting, a Fisher BioReagents SurePrep Nuclear or Cytoplasmic RNA Purification Kit (Thermo Fisher, Waltham, MA, USA) was used according to merchant guide. The circRNA and mRNA levels were determined by quantitative PCR using SYBR Green assay; miRNAs levels were determined by mirVana qRT-PCR miRNA Detection Kit (Applied Biosystems, Foster City, USA), according to the manufacturer's protocols. The relative expression level of gene was calculated using 2 -44CT method. The mRNA and circRNA level were normalized to GAPDH, and miRNA level was normalized to U6. Primers used in this study are listed in supplementary Table S2 .
RNase R treatment
Two micrograms of total RNA was incubated with or without RNase R (3 U/mg, epicenter) at 37°C for 20 min. The resulting RNA was purified using a RNeasy MinElute Cleanup Kit (Qiagen, Valencia, CA, USA).
CircRNA microarray analysis
Three samples were obtained from each of the two cell culture groups (control human NP cells vs. human NP cells with compression treatment for 36 h), then total RNA was extracted to perform microarray analysis. Detailed information of specimens used in circRNA microarray assay was indicated in Supplementary Table S1 . The circRNAs microarray analysis was carried out as described previously [27] . The microarray data were analysed with GeneSpring GX software. We applied thresholds as follows: fold changes > 2, P values < 0.05 determined by t-test. To obtain the profiling of differentially expressed circRNAs between control and compression-treated human NP cells, the hierarchical clustering analysis were carried out according to the identified circRNAs levels by Cluster3.0 software. Differentially expressed circRNAs were shown by volcano plot filtering. The detailed information of the circRNA ID, host gene symbol, genome location and spliced sequence length were obtained from CircBase or DeepBase public database. The predicted functions of the differentially expressed circRNAs were analysed by Gene Ontology (GO) and Kyoto encyclopedia of Genes and Genomes (KEGG) pathway analysis of their host genes.
RNA immunoprecipitation (RIP)
The RIP experiment was performed with the Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore, Billerica, MA) with anti-AGO2 (#2897, Cell Signaling Technology, RRID: AB_2096291), following the manufacturer's instructions. IgG was used as a negative control. The AGO2 antibody was recovered with the protein A/G beads. Co-precipitated circRNA-CIDN and miR-34a-5p levels were evaluated by qRTÀPCR analysis.
Dual luciferase assay
Human embryonic kidney (HEK) 293T cells were used for luciferase activity analysis and were plated on 96Àwell plates, cultured to 60À70% confluence. For circRNA-CIDN and miR-34a-5p, the circRNA-CIDN fragments containing complementary binding sites for miR-34a-5p were inserted into a luciferase reporter vector. Wild-type pMIR-REPORT-circCIDN and mutant luciferase reporter pMIR-REPORT-circCIDN were synthesized by Obio Technology (Shanghai, China). 200 ng luciferase reporter vector of circCIDN-wt and circ-CIDN-mut, 50 nM miR-34a-5p and NC were transfected using lipofectamine 2000(Invitrogen). For SIRT1 and miR-34a-5p, the 3 0 UTR of human SIRT1 containing putative binding sites for miR-34a-5p were cloned into the vector. Wild-type pMIR-REPORT-SIRT1-3 0 UTR and mutant luciferase reporter pMIR-REPORT-SIRT1-3 0 UTR were synthesized by Obio Technology (Shanghai, China). 200 ng vector of SIRT1 3 0 UTR-wt and SIRT1 3 0 UTR -mut, 50 nM miR-34a-5p and NC were transfected. 48 h later, luciferase activity was examined with Dual Luciferase Reporter Assay kit (Promega) following the manufacturer's instructions.
Transfection vector construction and cell transfection
Recombinant adenovirus vector encoding circRNA-CIDN was synthesized by Obio Technology (Shanghai, China). The exons 1À5 of TRIM25 gene (1213 bp) with approximate 1 kb flanking intron sequences containing complementary Alu elements were amplified to construct circRNA-CIDN vector according to the method described previously with some modifications [28] . CircRNA-CIDN siRNA targeting the back-splice region and its negative control was synthesized by Obio Technology (Shanghai, China), and the target sequence for circRNA-CIDN was as follows: TGAAGAAGGTCTCCAGTTT. MiR-34a-5p mimics, miR-34a-5p inhibitors, and their corresponding negative controls were obtained from GenePharma (Shanghai, China). SIRT1 siRNA (5 0 -CCAUCUCUCUGUCACAAAUTT-3 0 ) and scrambled siRNA (5 0 -UUCUCCGAACGUGUCACGUTT-3 0 ) were obtained from Ribo-bio (Guangzhou, China). When cultured NP cells grew to 80% confluence, transfections were performed using Lipofectamine 2000 (Invitrogen), following the manufacturer's protocols. The transfections were performed up to 24 h before performing stimulations.
Intradiscal injection of circRNA-CIDN
Adenovirus circRNA-CIDN wt and mut were synthesized and packaged by Obio Technology, (Shanghai, China). Twenty-four ex vivo cultured IVD organs (from twelve male Sprague-Dawley rats, with two enrolled discs each) were randomly divided into four groups (control, compression treatment, circRNA-CIDN injection with compression, and circRNA-CIDN-mut injection with compression). 2 ml solution containing experimental or control virus vector (approximately 1 £ 10 9 plaque-forming units per ml) overexpressing human circRNA-CIDN was slowly injected into the compression-treated discs with a 33-gauge needle at weeks 0 and 2. Except for control group, the IVD organs were under static compression treatment for four weeks.
Flow cytometry
Differently treated human NP cells were harvested and the apoptosis levels was determined using an Annexin V-APC/7-AAD Apoptosis Detection Kit (Yeasen Biotech, China) following manufacturer instructions. The NP cells were resuspended with binding buffer (5 £ 10 5 cells per well) after washing by PBS, then incubated with Annexin V-APC and 7-AAD at room temperature for 15 min away from light. After labeling, samples were examined using a FACS Calibur flow cytometer (BD Biosciences, USA).
Western blotting analysis
After various treatments, the culture supernatants were removed and the cells were lysed using radio immunoprecipitation (RIPA) lysis buffer (Beyotime, China), then the concentrations of proteins were examined with an Enhanced BCA Protein Assay Kit (Beyotime, China). Equal amounts of protein from each sample were separated using 10À12% SDS-PAGE and transferred to PVDF membrane (Millipore, USA), which was blocked and incubated first with specific primary antibodies (1:500À1:1000) overnight at 4°C and then with the appropriate horseradish peroxidase (HRP)-labeled secondary antibodies (1:2000; Abcam). Protein expression was observed with enhanced chemiluminescence reagents (Amersham, Piscataway, NJ, USA). Primary antibodies against these molecules were used: GAPDH (#5174, Cell signaling Technology, RRID:AB_10622025), SIRT1 (ab110304, Abcam, RRID:AB_10864359), Bax (ab32503, Abcam, RRID:AB_725631), Bcl-2 (ab196495, rabbit polyclonal antibody, Abcam, Cambridge, US), cleaved caspase-3 (#9664, Cell signaling Technology, RRID: AB_2070042), collagen II (ab34712, Abcam, RRID:AB_731688), aggrecan (13880-1-AP, Proteintech, RRID:AB_2722780), matrix metalloproteinase (MMP)À3 (#14351, Cell signaling Technology, RRID: AB_2798459), MMP-13 (ab39012, Abcam, RRID:AB_776416).
Histological assessment, immunohistochemistry, TUNEL staining and western blotting analysis in ex vivo IDD models
The rat IVDs were washed in PBS and harvested for further analyses. The specimens were fixed in formaldehyde, decalcified, dehydrated, embedded in paraffin, and sectioned in the midsagittal plane (perpendicular to endplates) at a thickness of 5 mm. Sections were stained with hematoxylin-eosin (HE) and safranin O-fast green (SO), and the histological scores were calculated based on the method previously described [29] to quantify the histological results. Immunohistochemistry was performed as described previously [25] . Briefly, sections were incubated with primary antibodies against SIRT1 (1:200), collagen II (1:200), MMP-13 (1:100), and cleaved caspase-3 (1:400) at 4°C overnight, after which the sections were incubated with appropriate HRPconjugated secondary antibodies and counterstained with hematoxylin. For terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL) staining, the sections were handled using TUNEL Apoptosis Assay Kit (C1088, Beyotime). Nuclei were stained with DAPI (Beyotime) and samples were imaged with a fluorescence microscope (Olympus IX71, Tokyo, Japan). Western blotting in the NP tissues of IVDs samples was in the same steps as above.
Statistical analysis
Data are exhibited as means § standard deviation of at least three independent experiments performed with samples from at least three different donors and data were processed using SPSS v.18.0 software (SPSS, Chicago, IL, USA). Differences between groups were evaluated using Student's t-test, Mann-Whitney U test or one-way analysis of variance (ANOVA) followed by the Tukey's test. A probability of less than 0.05 was considered statistically significant.
Data sharing
The raw data of circRNA microarray during the current study are available from the corresponding author on reasonable request.
Results
Identification of differentially expressed circRNAs in compressiontreated human NP cells
To investigate the potential involvement of circular RNAs in compression-induced damage in human NP cells, we first examined the effects of compression treatment in cell samples from three different donors. As shown in Fig. S1a and b, compression treatment resulted in increased expression of MMP-3, MMP-13, Bax and cleaved caspase-3, decreased expression of collagen II, aggrecan and Bcl-2, and increased percentage of apoptotic cells. These results indicated the pro-apoptotic and pro-catabolic effect of compression in human NP cells, which is consistent with previous studies.
Next, we performed a circRNAs microarray analysis of human NP cells without and with compression treatment for 36 h. The results of the microarray analysis showed 1784 differentially expressed circR-NAs between the two cell groups, of which 286 circRNAs were upregulated and 1498 circRNAs were down-regulated in compressiontreated human NP cells compared to controls, as represented on cluster heatmap (Fig. 1a ). The variation of circRNAs expression was shown in volcano plots (Fig. 1b ). The distribution of differentially expressed circRNAs on the human chromosomes was presented in a Circos plot, and we could see that the circRNAs were transcribed chromosomes was presented on Circos plot. (d) Heat map analysis of ten significantly down-regulated circRNAs identified in this study. (e) The fold-changes of the ten significantly down-regulated circRNAs obtained from the qRT-PCR results. Cell samples from three different donors were tested (n = 3). All the three samples were different from that for the microarray analysis. (Fig. 1c ). In addition, the potential functions of differentially expressed circRNAs were predicted by Gene Ontology (GO) and Kyoto encyclopedia of Genes and Genomes (KEGG) pathway analysis of their host genes. For the down-regulated circRNAs, the most significantly enriched and meaningful GO terms were related to regulation of transcription in biological process (BP), nucleoplasm part in cellular component (CC) and demethylase activity in molecular function (MF) (Fig. S1c) . For the up-regulated circRNAs, the most significantly enriched GO terms were response to unfolded protein in BP, extracellular vesicle in CC and protein binding in MF (Fig. S1d) . The top 30 most significantly enriched KEGG pathways associated with differentially expressed circRNAs were shown in Fig. S1e and f. Of these, the most significantly enriched and meaningful pathways were mTOR signaling pathway and JAKÀSTAT signaling pathway for the down-regulated circRNAs, and PI3KÀAkt signaling pathway and AMPK signaling pathway for the up-regulated circRNAs.
Hsa_circ_0044722 (circRNA-CIDN) was identified as a compression related circRNA in human NP cells
Considering the up-regulated circRNAs were the minority of the differentially expressed circRNAs, we then confirmed the microarray analysis results of ten significantly down-regulated circRNAs in compression-treated human NP cells and control groups using qRT-PCR. As shown in Fig. 1d , the heat map analysis revealed these ten circR-NAs expression patterns according to the circRNA microarray. The log2 fold-changes of these circRNAs from the qRT-PCR validation results were calculated (Fig. 1e ). The expression patterns of these ten circRNAs from qRT-PCR results were consistent with the microarray analysis. Because the qRT-PCR results showed that hsa_circ_0044722 is the most down-regulated circRNAs with a greater than 7-fold change, we chose hsa_circ_0044722 for further research. According to the CircBase database annotation, hsa_circ_0044722 is derived from the exons 1 to 5 of TRIM25 gene (chr17: 54976475À54991409) (Fig. 1f ). The length of hsa_circ_0044722 is 1213 bp. We termed this circRNA involved in compression-induced damage of NP cells as "circRNA-CIDN". Using cDNA and genomic DNA (gDNA) from human NP cells as templates, we validated that circRNA-CIDN could only be amplified by divergent primers in cDNA, and no products were observed in the gDNA groups (Fig. 1g ). Additionally, RNase R exonuclease was used to further validate circRNA-CIDN in human NP cells. Resistance to digestion by RNase R exonuclease confirmed that this RNA species was indeed circular (Fig. 1h) . Moreover, the RT-qPCR assay in nuclear and cytoplasmic fractions showed a predominant cytoplasmic distribution of circRNA-CIDN in human NP cells (Fig. 1i ).
CircRNA-CIDN inhibited compression-induced apoptosis and ECM degradation of human NP cells
To explore the functions of circRNA-CIDN in compression-treated human NP cells, we established a circRNA-CIDN expression adenovirus vector to generate NP cells that stably overexpressed circRNA-CIDN. As shown in Fig. 2a , the expression of circRNA-CIDN was significantly increased in human NP cells transfected with circRNA-CIDN adenovirus vector. In contrast, when we transfected circRNA-CIDN siRNA targeting the junction site of circRNA-CIDN into human NP cells, the qRT-PCR results showed that circRNA-CIDN siRNA inhibited the expression of circRNA-CIDN, but had no effect on the expression of the TRIM25 mRNA level (Fig. 2b) . Under compression treatment, NP cells transfected with circRNA-CIDN expression adenovirus vector or circRNA-CIDN siRNA showed higher and lower circRNA-CIDN expression levels, respectively, when compared with NP cells treated with compression alone (Fig. 2c and d) . Next, the western blot analysis revealed that circRNA-CIDN knockdown significantly increased the up-regulation of MMP-3, MMP-13, Bax, cleaved caspase-3 expression and the down-regulation of collagen II, aggrecan, Bcl-2 expression induced by compression. CircRNA-CIDN overexpression partially reversed the effects of compression on these gene expression ( Fig. 2e and f) . The effect of circRNA-CIDN on apoptosis of compression-treated human NP cells was further examined by flow cytometry analysis with Annexin V/PI dual staining. The results of flow cytometry indicated that circRNA-CIDN overexpression obviously suppressed compression-induced apoptosis of NP cells (Fig. 2g ). Conversely, circRNA-CIDN inhibition remarkably enhanced the apoptotic effects of compression ( Fig. 2h ). Taken together, our data suggest that circRNA-CIDN could have a protective role in human NP cells exposed to compression.
CircRNA-CIDN served as a sponge for miR-34a-5p in human NP cells
Given that circRNAs have been shown to act as miRNAs sponges and that circRNA-CIDN is a stable molecule and primarily located in the cytoplasm, we speculated that circRNA-CIDN could also target a specific miRNA and modulate its downstream functions. According to the StarBase online database, circRNA-CIDN possesses a complementary sequence to miR-34a-5p seed region (Fig. 3a) , therefore we conducted the following experiments to verify whether circRNA-CIDN acts as a sponge of miR-34a-5p in human NP cells. Firstly, since it is well known that miRNAs degrade mRNA and inhibit translation in an AGO2-dependent manner via directly binding to their targets, we thus performed an anti-AGO2 RIP in human NP cells. The results showed that circRNA-CIDN and miR-34a-5p pulled down by anti-AGO2 antibodies were both significantly enriched, indicating that circRNA-CIDN and miR-34a-5p existed in RISC (Fig. 3b ). Secondly, a circRNA-CIDN fragment with wild type (WT) or mutant (MUT) complementary binding sites for miR-34a-5p was constructed and inserted into pMIR-REPORT luciferase reporter vectors. The results of luciferase reporter assay showed that miR-34a-5p overexpression significantly suppressed the luciferase activity of WT reporter but not the MUT reporter, suggesting that circRNA-CIDN was directly bound by miR-34a-5p via complementary target sites (Fig. 3c) . Moreover, the inhibition of the luciferase activity of WT reporter induced by miR-34a-5p was rescued by circRNA-CIDN overexpression (Fig. 3d) . Overall, these findings suggested that circRNA-CIDN may function as a miRNAs sponge for miR-34a-5p in human NP cells.
MiR-34a-5p enhanced compression-induced apoptosis and ECM degradation of human NP cells
Considering the present findings that miR-34a-5p is the circRNA-CIDN-associated miRNA in human NP cells, we hypothesized that miR-34a-5p might also exert an important role in compression-stimulated human NP cells. The qRT-PCR results showed that compression treatment increased miR-34a-5p levels in human NP cells, which could be suppressed and promoted by miR-34a-5p inhibitor and miR-34a-5p mimic, respectively ( Fig. 4a and b) . Functionally, the enhanced apoptosis and changes in ECM metabolism in response to compression were markedly suppressed after miR-34a-5p knockdown. In contrast, under compression stimulation, apoptosis and ECM metabolism changes increased when the cells were transfected with a miR-34a-5p mimic (Fig. 4cÀh ).
MiR-34a-5p repressed SIRT1 expression by targeting 3 0 -UTR of SIRT1
Using the TargetScan online prediction database, we found that silent mating type information regulation 2 homolog 1 (SIRT1), a critical regulator of cell differentiation, proliferation, and apoptosis, is a potential target of miR-34a-5p (Fig. 5a ). To confirm this finding, we constructed a luciferase reporter vector with the wild type (WT) or mutant (MUT) SIRT1 3 0 -UTR possessing the putative miR-34a-5p target site. The data showed that miR-34a-5p overexpression obviously inhibited the luciferase activity of the reporter containing the WT 3 0 -UTR of SIRT1 compared to mimic control, whereas no significant change in the luciferase activity was detected in the MUT 3 0 -UTR of SIRT1 group (Fig. 5b) . Moreover, qRT-PCR and western blot assay were performed to further confirm the luciferase reporter gene assay results. We found that miR-34a-5p overexpression remarkably inhibited SIRT1 mRNA and protein expression in human NP cells ( Fig. 5c  and d) . In contrast, downregulation of miR-34a-5p noticeably increased SIRT1 expression level ( Fig. 5e and f) . These data indicated that miR-34a-5p could directly bind to the 3 0 -UTR of SIRT1 and negatively regulate its expression. Subsequently, we considered whether SIRT1 was involved in the effects of miR-34a-5p on compressionstimulated human NP cells. The qRT-PCR and western blot assay were performed to investigate the effect of compression on SIRT1 expression in human NP cells, and the data indicated that compression treatment resulted in a decrease of SIRT1 mRNA and protein expression ( Fig. 5gÀj ). In addition, miR-34a-5p overexpression facilitated the suppressive effect of compression treatment on SIRT1 expression while miR-34a-5p inhibition partially attenuated the effect of compression treatment on SIRT1 expression ( Fig. 5gÀj ). Furthermore, we use siRNA to knock down SIRT1 in human NP cells ( Fig. 5k and l) . The absence of SIRT1 markedly counteracted the effects of miR-34a-5p inhibition in human NP cells treated by compression (Fig. 5mÀo) . Collectively, these results suggested that miR-34a-5p exerted its functions by targeting SIRT1. compression were transfected with miR-34a-5p inhibitor or miR-34a-5p mimic, and the apoptosis rate was detected by Annexin V-APC/7-AAD staining. # p < 0.05 versus compression + NC group, n = 3 [Student's t-test]. Data presented as means with error bars representing standard deviation (SD). 
CircRNA-CIDN modulated compression-induced apoptosis and ECM degradation of human NP cells by the miR-34a-5p/SIRT1 pathway
After confirming the relationships between circRNA-CIDN and miR-34a-5p, and miR-34a-5p and SIRT1, we further explored the combined effect of circRNA-CIDN and miR-34a-5p on compressioninduced apoptosis and ECM degradation of human NP cells, as well as the involvement of SIRT1. We first performed a luciferase reporter assay, qRT-PCR and western blot to detect the effect of circRNA-CIDN on miR-34a-5p-mediated repression of the SIRT1 gene. The results showed that the luciferase activity of WT 3 0 -UTR of SIRT1 reporter was significantly decreased in the miR-34a-5p mimic group compared with the control group. However, co-transfection with miR-34a-5p mimic and circRNA-CIDN overexpression adenovirus vector was able to rescue this suppressive effect (Fig. 6a) . Consistently, the inhibition in SIRT1 mRNA and protein expression caused by miR-34a-5p overexpression could also be abolished by circRNA-CIDN overexpression in human NP cells (Fig. 6b and c) . These results indicated that circRNA-CIDN overexpression neutralized miR-34a-5pmediated SIRT1 repression in human NP cells.
Subsequently, we conducted western blot and flow cytometry analysis with Annexin V/PI dual staining. The result indicated that upregulation of miR-34a-5p facilitated the pro-apoptotic and procatabolic effect of compression treatment, and such facilitative effect of miR-34a-5p overexpression was blocked by circRNA-CIDN overexpression ( Fig. 6d and e ). Additionally, circRNA-CIDN expression adenovirus vector and siRNA-mediated SIRT1 silencing (si-SIRT1) were co-transfected to examined whether SIRT1 was the downstream mediator of circRNA-CIDN. In compression-treated human NP cells, upregulation of circRNA-CIDN prevented cell apoptosis and ECM degradation, while knockdown of SIRT1 impaired this protective effect ( Fig. 6f and g) . Taken together, these results indicated that circRNA-CIDN overexpression could protect human NP cells from the attack of compression treatment by regulating miR-34a-5p and SIRT1.
Validation of the expression of circRNA-CIDN, miR-34a-5p and SIRT1 mRNA in human degenerative and healthy NP tissues
To further confirm the above results, we validated the expression levels of circRNA-CIDN, miR-34a-5p and SIRT1 genes in human NP tissues by qRT-PCR. As shown in Fig. 7aÀc , circRNA-CIDN and SIRT1 mRNA expression was down-regulated while miR-34a-5p expression was up-regulated in degenerative NP tissues compared with that in control NP tissues. Furthermore, there was a negative correlation between circRNA-CIDN and miR-34a-5p levels, suggesting that the enhanced destructive effects of miR-34a-5p in compression-stimulated human NP cells may be due to the down-regulation of circRNA-CIDN (Fig. 7f ). We also found that miR-34a-5p expression was negatively correlated with SIRT1 mRNA expression in NP tissues, indicating that miR-34a-5p could directly inhibit SIRT1 mRNA expression ( Fig. 7g ). In addition, we observed a positive correlation between circRNA-CIDN expression and SIRT1 mRNA expression, demonstrating that up-regulation of circRNA-CIDN could abrogate the repressive effect of miR-34a-5p on its downstream target SIRT1 gene (Fig. 7h ). It is worth noting that we also monitored the expression levels of aggrecan and collagen II, and found that aggrecan and collagen II mRNA expressions were significantly down-regulated in degenerative NP tissues compared to that in control NP tissues ( Fig. 7d and e ).
The circRNA-CIDN levels, and the aggrecan and collagen II mRNA expression levels demonstrated a significant positive correlation ( Fig. 7i and j) . Taken together, these results supported the notion that circRNA-CIDN might function as a novel protective factor in compression-stimulated human NP cells through the miR-34a-5p/SIRT1 axis.
CircRNA-CIDN ameliorated IDD development in an ex vivo IDD model
Considering all the experimental results above were obtained in vitro, we further applied an ex vivo IVD organ culture model to validate the role of circRNA-CIDN in compression induced IDD. Adenovirus circRNA-CIDN wt or mut was injected into the ex vivo rat IVDs, which were cultured in a compression apparatus to induce IDD progression. The efficiency of circRNA-CIDN overexpression was confirmed by RT-qPCR analysis (Fig. 8a ) and the miR-34a-5p level in the degenerative NP tissues was remarkably downregulated after circRNA-CIDN overexpression (Fig. 8b) . Then we assessed the histomorphological changes in the IVD tissues by using HE and SO staining ( Fig. 8c) : the oval-shaped NP constituted a large volume of the disc in the midsagittal cross-section and contained a large amount of glycosaminoglycan in control group, while the IDD group showed a collapse of the disc height together with notable fibrous-tissue invasion. The injection of adenoviral circRNA-CIDN alleviated the loss of NP tissue and the destruction of disc structure. The histological score of the adenoviral circRNA-CIDN group was obviously lower than that of the IDD group (Fig. 8d) . Moreover, the overexpression of circRNA-CIDN downregulated the expression of ECM catabolism enzymes (MMP-3, MMP-13) and pro-apoptotic genes (Bax and cleaved caspase-3), and upregulated the level of anabolism markers (collagen II, aggrecan) and anti-apoptotic protein (Bcl-2) in the ex vivo compression-induced IDD model (Fig. 8e ). Immunohistochemical analysis and apoptosis detection by TUNEL staining of the IVDs further validated that circRNA-CIDN injection could mitigate the degenerative changes of the NP in the IDD model ( Fig. 8f and g) . Together, these findings demonstrated that circRNA-CIDN retarded IDD progression ex vivo.
Discussion
To date, therapeutic alternatives for IDD are limited and the clinical treatment efficacy is far from satisfactory, which is highly related to the fact that the pathogenic mechanisms of IDD remain unclear. Thus, further exploration of the pathogenesis underlying IDD is crucial to develop accurate pathophysiological diagnosis and elaborate precise therapeutic regimens [4] . The IVD is subjected to numerous mechanical loads in vivo, which plays an important role in the process of IDD development [14] . Abnormal mechanical loads have been demonstrated to induce various pathological alterations within the IVD, including the two major causes of IDD, namely NP cell apoptosis and ECM destruction, impairing the physiological functions of IVD [15, 30, 31] . In this study, we observed increased expression of ECM catabolism enzymes (MMP-3, MMP-13), pro-apoptotic genes (Bax and cleaved caspase-3), decreased expression of ECM anabolism markers (collagen II, aggrecan) and anti-apoptotic protein Bcl-2, and increased percentage of apoptotic cells in the compression-induced NP cell model. The cells exposed to compression loading could not be exactly the same as the cells from in vivo IDD conditions, in which the microenvironment was more complex with oxidative stress and [25] . However, the above results indicated that treating mechanical stress on disc cells effectively simulated the pathological responses during IDD process. In the present study, the NP cells under mechanical loading served a valuable experimental platform for researching the involvement of compression in IDD pathophysiology. Moreover, studies have reported that a static or dynamic loading organ culture could effectively simulate the cellular response to mechanical stress within IVD [32À34]. Compared to in vitro assays, IVD whole organ culture offered various improvements in deciphering the pathogenic mechanisms underlying IDD, including the intactness of IVD structure with native ECM which was crucial to demonstrate compression-induced IVD degeneration [35À37]. For this reason, we also adopted an ex vivo IVD organ culture model to mimic the in vivo IVD environment for further research.
Among the non-coding RNA superfamily members found to be involved in the initiation and progression of IDD, circRNA is a novel class of endogenous RNAs that has a unique structure of covalently closed loop, as well as cell type-specific and tissue-specific expression pattern [38] . While accumulating studies have reported that circRNAs may also be central regulators of biological and pathological processes [39À41], its potential role in IDD still needs further research. There were some evidence suggesting that the expression of circR-NAs was dysregulated in IDD tissues and several specific circRNAs were found to functionally participate in the initiation and development of degenerative disc diseases [42] . For example, circRNA_104670 was upregulated in degenerative NP tissues and contributed to IDD progress through sponging miR-17À3p to impair NP cell survival and promote ECM degradation [43] . CircVMA21 and circSEMA4B were found to be downregulated in IDD tissue specimens and they could protect the IVD through competitive inhibition of microRNA [24, 44] . However, the previous studies about how circR-NAs functioned in the pathogenesis of IDD did not shed light on the involvement of mechanical stress. To systematically investigate the role of circRNAs in compression loads induced IDD, we performed circRNAs microarray analysis in human NP cells without and with static compression. To the best of our knowledge, this was the first study on the circRNAs expression profile in compression loads induced IDD. We identified 286 up-regulated circRNAs and 1498 down-regulated circRNAs in compression treatment groups compared to control groups. Then the key down-regulated circRNA, circRNA-CIDN was characterized, which was further validated by the qRT-PCR assay showing a greater than seven-fold down-regulation change. Subsequently, gain-of-function and loss-of-function assays revealed circRNA-CIDN obviously inhibited compression-induced apoptosis and ECM degradation of human NP cells. In the study described here, we found circRNA-CIDN's vital role during the pathophysiological process of IDD.
Accumulating studies demonstrate that ceRNA networks exert important functions in the initiation and development of various diseases [45, 46] . Many classes of the ncRNA superfamily can act as ceR-NAs, among which circRNAs as well as long noncoding RNAs (lncRNA) have presented key mechanistic roles by functioning as miRNA sponges [47À49]. It is worth noting that the kind of miRNA-sponge effects of circRNAs last longer than that of lncRNAs, as a result of its unique structure of covalently closed loop [50] . Using luciferase and RIP assays, we found that circRNA-CIDN inhibited compression-induced apoptosis and ECM degradation of human NP cells mainly through regulating miR-34a-5p. It has been reported that miR-34a-5p expression was significantly upregulated in NP tissues from IDD patients and that miR-34a-5p enhanced human NP cell apoptosis and extracellular matrix degradation [17,] . We further found that miR-34a-5p levels were dramatically up-regulated and exerted similar effects in human NP cells under compression. Subsequent assays were applied to screen the targets of miR-34a-5p and presented that a critical regulator of cell differentiation and proliferation, SIRT1 was validated to be a target of miR-34a-5p. SIRT1 is a nicotinamide-dependent class 3 histone deacetylase which regulates various cell fate decisions, and its deacetylase activity is significantly increased particularly under stresses [51, 52] . More recently, evidence has indicated SIRT1 as a potential treatment agent for human degenerative IVD disease by restraining the apoptosis of NP cells [53, 54] . Meanwhile, the activation of SIRT1 was reported to suppress cellular senescence, promote cell proliferation, accelerate autophagy, to maintain the NP extracellular matrix and keep the stability of the IVD [55À57]. Our results showed that SIRT1 expression was downregulated in compression treated human NP cells, which was remarkably rescued through inhibiting miR-34a-5p. We also demonstrated for the first time that SIRT1 overexpression induced by inhibiting miR-34a-5p exerted protective effects in IDD. Furthermore, in human IDD specimens, we observed a down-regulation of circRNA-CIDN and SIRT1 expression, and up-regulation of miR-34a-5p expression. We verified the positive correlation between circRNA-CIDN and SIRT1 mRNA expression, indicating that up-regulation of circRNA-CIDN could abrogate the repressive effect of miR-34a-5p on its target gene SIRT1. Thus, we proposed that the circRNA-CIDN/miR-34a-5p/SIRT1 axis served as a potential therapeutic target for treating IDD. For the analysis of expression levels of circRNA-CIDN, miR-34a-5p and SIRT1 mRNA and their correlation using patients tissue specimens, the IDD group were generally older than the scoliosis group. Since aging is a major etiological factor of IDD [58] , the age difference might partially account for the present results and further investigation is needed. Still, the possibility of other critical genes as targets of circRNA-CIDN apart from SIRT1 that could exert important effects on IDD was not excluded.
As characterized in this study, circRNA-CIDN is generated by the back splicing of the exons 1 to 5 of the TRIM25 gene and mainly comprises the coding region of TRIM25, and the sequence of this circRNA is relatively conserved between human and rat. The target sites of miR-1271 in SIRT1 3 0 -UTR is also highly conserved in rat, which justify the application of ex vivo rat IVDs organ culture model. In our ex vivo compression-induced IDD model, we further validated the role of circRNA-CIDN in ameliorating IDD by acting as a miRNA sponge, as shown by the results of qRT-PCR assay, western blotting analysis, histological evaluation, immunohistochemical analysis and TUNEL apoptosis assessment. Taken together, the results strongly suggest that circRNA-CIDN is able to retard compression-induced apoptosis and ECM degradation of human NP cells by the miR-34a-5p/SIRT1 pathway. Therefore, targeting the circRNA-CIDN/miR-34a-5p/SIRT1 axis offers new therapeutic opportunities for treating IDD.
